Per-and polyfluoroalkyl substances (PFAS) are a complex family of more than 3,000 manmade aliphatic compounds having at least one carbon-fluorine (C-F) bond and containing a charged functional group head attached at one end. The combination of the very strong and stable C-F bond and the polar head impart useful properties to these compounds but also render their degradation highly challenging. PFAS have been produced since the 1940s, although not all of them are in use or in production now. Their physical state includes gases (e.g., perfluorobutane), liquids (e.g., fluorotelomer alcohols), surfactants (e.g., perfluorooctane sulfonate), and high-molecular weight solid polymers (e.g., polytetrafluoroethylene (PTFE)).
Per-and polyfluoroalkyl substances have been used in numerous applications including non-stick cookware, water-repellent clothing, stain-resistant fabrics and carpets, cosmetics, firefighting foams, plating bath evaporation suppressants, and products that resist grease, water, and oil. The most important PFAS sources are the fire training/fire response sites, commercial and industrial sites, wastewater treatment plants, biosolids land application, and landfills (Interstate Technology and Regulatory Council, 2018) . Their widespread use and resulting emissions have led to a broad range of PFAS being detected in humans and the environment. Among them the most commonly detected compounds are the perfluorooctane sulfonate (PFOS) and the perfluorooctanoic acid (PFOA).
When PFAS are ingested, they are absorbed and bioaccumulate, causing such adverse health effects as hepatic toxicity, reproductive and developmental toxicity, suppression of the immune system, and some types of cancer. PFAS have been detected in both human and wildlife tissue samples. PFAS (and particularly PFOS, its salts and perfluorooctane sulfonyl fluoride) have been listed on the Stockholm Convention on Persistent Organic Pollutants. Several environmental regulators around the world have recently set screening levels (mainly for PFOS and PFOA) for water, soil, sediment, and tissues (National Ground Water Association, 2017). These levels are typically much lower than the regulatory levels of most other contaminants (e.g., 0.07 μg/L health advisory levels for PFOS and PFOA in drinking water; United States Environmental Protection Agency, 2016). It is not practically possible for PFAS exposure to be eliminated due to the plethora of existing sources. However, steps have been taken to phase out manufacturing and use of the most persistent PFAS, which should help to reduce accumulation in the environment. While most regulatory attention has focused on drinking water as the primary source of human exposure, other environmental media (e.g., soil) need to be evaluated and regulated, as necessary, to protect human health and the environment.
Per-and polyfluoroalkyl substances' hydrophobic, lipophobic, and surfactant properties combine to confer unique fate and transport characteristics. PFAS typically are miscible in water and do not exist as separate non-aqueous phase liquids in contrast with other typical organic contaminants of the geoenvironment, such as petroleum hydrocarbons and chlorinated solvents. The source zone of PFAS is more likely to be affected by a relatively higher concentration of precursors, while the plume is likely to be enriched in PFAS. The polar head of the PFAS molecule interacts with charged species of the soil matrix and affects adsorption. Electrochemical parameters such as pH and divalent ions, such as Ca 2+ further affect the fate and transport behavior of PFAS (Higgins and Luthy, 2006) .
Per-and polyfluoroalkyl substances are generally persistent since they are resistant to biological and chemical degradation processes and can sorb to soil but also to organic carbon and oil, although sorption depends on site-specific conditions, as discussed above. PFAS are typically present in complex mixtures with other contaminants with very different properties. Such mixtures may include substances (precursors) that can also degrade to PFAS, which makes the situation even more complex. Therefore, selecting appropriate remedial technologies for these complex mixtures presents a great challenge.
Complicating our ability to study and understand the environmental behavior of PFAS is the need for appropriate analytical methods. Existing "certified" methods address only a limited range of analytes and matrices. For example, USEPA Method 537.1 is tailored for drinking water (i.e., a matrix that is expected to be free of contaminants). Generally acceptable methods for other matrices, such as groundwater, soil, or sediment, are still in development and validation. In many cases, procuring appropriate calibration standards is a limiting condition.
As mentioned above, landfills are among the most significant PFAS sources, since they are accepting a variety of PFAScontaining wastes. The fate and transport of PFAS in landfills is complex, depending on PFAS properties but also on site-specific conditions. Generally speaking, PFAS are released from wastes either to landfill leachate (water soluble PFAS) or to landfill gas (neutral PFAS with low water solubilities and relatively high vapor pressures). In the case of sanitary landfills, leachate containing PFAS is usually sent to a wastewater treatment plant (WWTP) before final disposal, typically to surface water bodies. The estimated mass of measured PFAS from leachate to WWTP in the Per-and polyfluoroalkyl substancesChallenges associated with a family of ubiquitous emergent contaminants
Editorial USA was approximately 600 kg for 2013 (Lang et al., 2017) . Based on recent studies, short chain PFAS are routinely detected in leachate, possibly reflecting greater mobility and increasing application of shorter-chain compounds. In addition, PFOA remains one of the most frequently detected and abundant PFAS in landfill leachate despite its restricted use. Recent studies also document the presence of PFAS precursors and their degradation products in landfill leachate at concentrations comparable to, or higher than, the most frequently detected PFAS (e.g., PFOA and PFOS). Release of most of the PFAS from waste to leachate occurs as a result of waste biodegradation, closely associated with onset of the methanogenic phase. The methane yielding stage also results in higher pH (>7) of leachate, correlated with greater PFAS mobility (Hamid et al., 2018) . Some PFAS have demonstrated significantly higher concentrations in leachate from younger waste, while PFAS have not demonstrated significant variation with climate (Lang et al., 2017) . Finally, it seems that landfills may also act as air emission sources of PFAS (Hamid et al., 2018) .
Other waste management systems and beneficial reuse methods have also been implicated in PFAS transport. Currently, PFAS are not being removed by conventional municipal WWTP. As a result, PFAS are present in the discharged treated effluent. Effluent lost through conveyance line exfiltration possibly contributes to PFAS release to the environment. Land application of biosolids and paper mill residuals are also receiving scrutiny. While use of these materials as soil amendments is thought to represent a green management practice, these materials may contain PFAS and thus may facilitate the release of PFAS to the environment. PFAS may also be present in nano-size plastics particles, complicating transport mechanisms, receptor exposure and our ability to remediate.
Sampling for the presence of PFAS is a demanding procedure. This is due to the combination of their very low regulatory levels and the presence of PFAS in several products routinely used in sampling campaigns, such as Teflon (PTFE)-containing materials, waterproof field books, markers, clothing, etc. Therefore, a stringent sampling protocol should be designed and followed including augmented quality assurance/quality control procedures. Equally critical is the development of data quality objectives prior to initiating work and the use of qualified and experienced laboratories.
Per-and polyfluoroalkyl substances are generally difficult to remediate under typical environmental conditions; the design of an appropriate treatment scheme is very challenging. The most commonly used ex situ treatment methods for PFAS-contaminated water are granular activated carbon (GAC) followed by incineration of the spent GAC, reverse osmosis, nanofiltration, and sonochemical destruction. Use of ion-exchange resins has yielded promising results, including the ability to regenerate the resin. On the other hand, most conventional in situ remedial schemes are ineffective at PFAS-contaminated sites. Research and pilot-scale applications suggest that select chemical oxidation methods may be effective. Some vendors have made claims that thermal treatment may volatilize and recover PFAS. Vendors also claim the ability to stabilize PFAS-containing plumes using various injected substrates. In addition, electrochemical treatment methods show promising results at the experimental level. However, long-term validation of these technologies is needed. Further research needs to be performed to fully understand the biotransformations of PFAS. Since PFAS are difficult to degrade and often co-exist with other co-contaminants, effective in situ treatment may eventually require a combination of reagents and/or approaches (Kucharzyk et al., 2017) .
In conclusion, researchers will be engaged in research on PFAS for the foreseeable future. First, it is imperative to better understand the health effects of PFAS exposure. This is a very difficult task taking into account the high number of PFAS and the small portion that are individually quantifiable. Moreover, further research is required to improve our understanding of the physicochemical properties and the fate and transport of PFAS in the geoenvironment. Finally, a concerted effort is necessary to develop appropriate in situ (or ex situ) remediation techniques for contaminated sites that will not generate toxic intermediates and not degrade PFAS precursors. Taking into account these significant scientific knowledge gaps, researchers, practitioners, and regulators are encouraged to publish their pertinent findings on PFAS environmental management in Waste Management & Research. 
Theodoros Toskos

